We tested the opposing views concerning evolution of genes of the innate immune system that (i) being evolutionary ancient, the system may have been highly optimized by natural selection and therefore should be under purifying selection, and (ii) the system may be plastic and continuing to evolve under balancing selection. We have resequenced 12 important innate-immunity genes (CAMP, DEFA4, DEFA5, DEFA6, DEFB1, MBL2, and TLRs 1, 2, 4, 5, 6, and 9) in healthy volunteers (n ‫؍‬ 171) recruited from a region of India with high microbial load. We have compared these data with those of European-Americans (EUR) and African-Americans (AFR). We have found that most of the human haplotypes are many mutational steps away from the ancestral (chimpanzee) haplotypes, indicating that humans may have had to adapt to new pathogens. The haplotype structures in India are significantly different from those of EUR and AFR populations, indicating local adaptation to pathogens. In these genes, there is (i) generally an excess of rare variants, (ii) high, but variable, degrees of extended haplotype homozygosity, (iii) low tolerance to nonsynonymous changes, (iv) essentially one or a few high-frequency haplotypes, with star-like phylogenies of other infrequent haplotypes radiating from the modal haplotypes. Purifying selection is the most parsimonious explanation operating on these innate immunity genes. This genetic surveillance system recognizes motifs in pathogens that are perhaps conserved across a broad range of pathogens. Hence, functional constraints are imposed on mutations that diminish the ablility of these proteins to detect pathogens. extended haplotype homozygosity ͉ haplotype networks ͉ neutrality tests ͉ resequencing
T he innate immune system developed before the separation of the vertebrates and invertebrates (1) . Invertebrates and jawless fish depend solely on the innate immune system. The adaptive immune system depends on the innate immune system because of the need for antigen presentation to the adaptive system, which in turn is critically dependent on recognition of microbial molecules by the innate system (2) . The Toll-like receptor (TLR) family of genes is vital to the innate immune system because these genes can recognize the pathogen associated molecular patterns (PAMPs) and are also known to be key regulators of the adaptive immune responses in humans and other mammals (3, 4) . Another important family of genes that regulate innate immune responses is the defensins. Epithelial cells in humans secrete antimicrobial peptides that are encoded by the defensin genes (organized in ␣ and ␤ gene clusters). These cationic peptides exhibit a broad spectrum of activity against Gram-positive and Gram-negative bacteria, fungal species and viruses (5) , by interacting with negatively charged molecules on the surface of pathogens and permeating their membranes.
There are also other genes that play important roles in the innate immune system. Cathelicidins are small (12-100 aa) cationic peptides that possess broad-spectrum antimicrobial activity, and share features with defensins (6) . Although humans and mice each possess a single cathelicidin, other mammalian species, such as cattle and pigs, express many different cathelicidins (7) . Mannosebinding lectin (MBL), a member of the collectin family of proteins, binds a broad range of microorganisms and activates the lectincomplement pathway (8) . Diversification of the genes of the innate immune system have taken place during evolution possibly in response to the diversification of microbes, especially pathogenic microbes. Gene families, such as TLRs, evolved by gene duplication and individual members of these families have evolved different but related functions, possibly to protect the host against a larger set of diverse pathogens. Individual members of these gene families also exhibit high levels of polymorphism, which is consistent with Haldane's (9) prediction that maintenance of polymorphisms in genes governing host-pathogen interaction is driven by rapid rates of microbial evolution. Indeed, evidence for overdominant selection (heterozygote advantage) has been documented at the major histocompatibility complex class I loci, in which the rate of nonsynonymous (amino acid altering) nucleotide substitutions have been found to be significantly greater than synonymous substitutions in the antigen recognition site (10) . With respect to the genes of the innate immune system, however, there is debate whether these genes are continuing to evolve or whether being evolutionarily ancient they have been highly optimized by natural selection (11) . Specific polymorphic variants in innate immunity genes have been found to be associated with human diseases (12) (13) (14) (15) and some investigations have been carried out on the mode and tempo of evolution of some genes of the innate immune system (16) (17) (18) (19) .
We have recently documented extensive variation that included the discovery of 259 novel variants, in 12 innate immunity genes (cathelicidin antimicrobial peptide, CAMP; ␣-defensins, DEFA4, DEFA5 and DEFA6; ␤-defensin, DEFB1; mannose binding lectin, MBL2; and TLRs 1, 2, 4, 5, 6 and 9) in an Indian population resident in a region with high load of pathogens and have shown that the haplotype structures of these genes differ markedly in this population compared with the HapMap populations (20) . Parenthetically, we note that although genes involved in innate immunity continue to be identified, the 12 genes chosen by us are some of the earliest identified innate immunity genes for which there was extensive functional data and no copy number variation in the human genome. The geographic distribution of haplotype frequencies in the TLR4 gene correlates well with the prevalence of various infectious diseases (18) . These observations indicate that our innate immunity genes may have been modified by natural selection through pressures caused by infectious agents. In this study, we have sought to assess the nature and extent of selective forces in shaping the contemporary genetic diversity of these genes. We have used data based on resequencing rather than polymorphism genotyping to detect signatures of natural selection because, as has been correctly emphasized (21) , detection of natural selection is primarily based on extraction of properties of the allele frequency spectra of genes; only resequencing permits discovery of the full allele frequency spectrum of a gene, rare alleles included. Further, the standard statistical tests of neutrality (e.g., Tajima's D) are applicable to sequence data, and not to genotype data on a set of preascertained SNPs. In particular, we sought to test whether overdominant selection operates on the TLR genes, because TLR proteins contain leucine rich repeat (LRR) domains (characterized by a segment LxxLxLxxNxL, in which ''L'' is Leu, Ile, Val, or Phe and ''N'' is Asn, Thr, Ser, or Cys and ''x'' is any amino acid) that are responsible for molecular recognition (22) . Similar to the antigen recognition site of the MHC locus, individuals who are heterozygous at the variant sites in these LRR coding regions may be capable of expressing various types of microbial recognition peptides and will therefore be expected to enjoy a selective advantage in a population exposed to a diverse array of microbial pathogens.
Results
Tests of Selective Neutrality Reveal Purifying Selection Operating on CAMP, TLR2, TLR4, and TLR9 Genes. Table 1 provides results of tests of selective neutrality, using 4 different statistics, for the 12 innate immunity genes. CAMP showed statistically significant deviation from neutrality by all 4 statistics. Deviation from neutrality was not detected by most of the statistics for the defensin genes or for MBL2. For TLR genes, significant deviations were detected by 3 of the 4 statistics [D*, F*, and F S , but not D; D is known to be statistically less efficient for detecting selection in the presence of background selection (23)] for TLR2, TLR4 and TLR9, but not for TLR1, TLR5 or TLR6. For all of the 4 genes that showed significant deviations from neutrality, the values of the test statistics were negative, indicative of purifying selection. Interestingly, none of these genes show statistically significant evidence of selection in the European-American (EUR) or the African-American (AFR) populations (Table 1 ). This indicates that local selection may be operating in regions with a high microbial load, although haplotype diversity values are similar for these genes among EUR and AFR and the present study population (Table 1 ). This scenario is also consistent with local selective sweep, although this is unlikely in view of the results presented later. Contrary to our expectations, the TLR genes do not show signatures of overdominant selection. This issue is examined in greater detail later.
Many Innate Immunity Genes Show Extended Homozygosity Compared with Neutral Expectations. For each gene, haplotypes were reconstructed and their frequencies estimated using PHASE (24) (see Table S1 ). For CAMP, DEFA5, TLR1, TLR2, TLR4 and TLR9, a small number of haplotypes are in high frequencies; newly arising haplotypes have possibly been eliminated by purifying selection. Therefore, compared with neutral expectations these genes should show higher levels of homozygosity in an extended genomic region around a core region of the dominant (that is, most frequent) haplotype (25) . This analysis was performed for each gene. The results are presented in Fig. 1 and compared with neutrality expectations. Fig. 1 shows that for CAMP, DEFA4, DEFA5, DEFA6, TLR2, TLR4 and TLR9 there is evidence of extended homozygosity; which is expected if the dominant haplotypes have risen to high frequencies under the impact of natural selection. The remaining genes do not show any such evidence. It is noteworthy, that except for DEFA4 and DEFA5, the remaining 4 genes showed significant evidence of purifying selection (Table 1) . For both DEFA4 and DEFA5, even though 3 of the 4 tests of neutrality were not statistically significant, the values of the statistics were negative for all of the 4 tests, consistent with purifying selection. Immunity Genes. Under a population expansion model, a star-like phylogeny of haplotypes is expected (26, 27) . Balancing selection, however, is expected to retain multiple lineages for a long time, resulting in a network in which there are some high-frequency clusters and some small-frequency clusters with long branches (26) . Strong purifying selection is expected to retain only a single haplotype, but under weak purifying selection one may expect a small number of haplotypes with moderate frequencies, separated by short branches. We constructed median-joining networks (28) of haplotypes depicting their phylogenetic relationships. For CAMP, essentially there was 1 haplotype (frequency ϭ 94.41%), which was same as the chimpanzee haplotype; the remaining 7 haplotypes were sporadic-observed in only a few individuals-and each was separated by 1 mutation from the dominant haplotype ( Fig. 2A) . This is indicative of a strong purifying selection operating on CAMP. Haplotype networks for the defensin genes (DEFA4, DEFA5, DEFA6 and DEFB1) essentially show star-like phylogenies (Fig.  2 A) consistent with expectations under a population expansion model. However, among these the networks for DEFA4 and DEFB1 reveal some features that are more expected under balancing selection, than under purifying selection. DEFA4 has 2 high frequency (26.47-26.76%) haplotypes that are almost equidistant from the ancestral (chimpanzee) haplotype. DEFB1, however, has 3 high frequency haplotypes (14.04-17.25%) separated by long branches with one another; all these haplotypes are also very distant from the chimpanzee haplotype. Haplotype networks of the TLR genes, except TLR5, are consistent with purifying selection, each with one or a few modal haplotypes separated by short branches (Fig. 2B) . The chimpanzee haplotype is separated by many mutational steps from the modal human haplotype for most of the TLR genes.
Haplotypes based on some specific SNPs in MBL2 are known to be associated with MBL serum concentration variability (29) . MBL serum concentration influences susceptibility to and clinical course of many infectious and chronic diseases (30) . We have shown (20) that, although the frequencies of haplotypes in our study population associated with high (53%) and deficient (20%) levels of MBL serum concentration are comparable to those observed worldwide (49% and 22%), the frequencies of intermediate (1.5%) and low (24%) haplotypes are significantly different from the global frequencies (15% and 13%) (17) . The significantly higher frequency of the low-secretor haplotype (and, consequently, a lower frequency of intermediate-secretor haplotypes) is noteworthy. The haplotype network for MBL2 (Fig. 2C) , the nodes of which have been identified with secretor status, shows an interesting pattern. The ancestral (chimpanzee) haplotype is closer (8 mutational steps away) to the modal haplotype associated with low MBL secretion. There are 2 high-frequency nodes, separated by a long branch, each of which is associated with high MBL secretion. Local star-like phylogenies appear around all of the high-frequency nodes irrespective of MBL secretor status. These features are indicative of balancing selection, although the test for neutrality was not rejected by any of the statistics ( Table 1) .
Pattern of Nonsynonymous Versus Synonymous Changes Reveal Purifying Selection and Provide No Evidence of Overdominant Selection
on TLR Genes. For all innate immunity genes, the rate of synonymous change is higher than nonsynonymous change (Table 2) , as expected under purifying selection. We have also computed these ratios, using a sliding window approach (31), but did not find any enhanced rate of nonsynonymous, compared with synonymous, substitutions in any specific regions of the genes, including the LRR domains of the TLRs (see Fig. S1 ). Thus, the expectation that overdominant selection may be operating on the TLR genes is not supported by our data.
It is noteworthy that the rate of nonsynonymous changes (that is, number of nonsynonymous changes per kilobase) in the TLR genes is the lowest in the EUR population (Fig. 3) . In the present study population, this rate is the highest in the TIR domain (the cytoplasmic Toll/Interleukin-1 Receptor (TIR) signaling domain that is instrumental in inducing a signaling cascade upon recognition of specific ligands by TLRs) compared with the remaining regions. The TIR domain in the TLR genes may, therefore, be under stronger impact of natural selection than other regions.
Interestingly, there are no nonsynonymous variants in the TIR domain of the TLR genes that are shared among the Indian, European-American and African-American populations (Fig. 4) . The shared nonsynonymous variants are all in the LRR domain or in other regions of these genes. The present study population harbors the maximum number of nonsynonymous variants in the TIR domain of the TLRs; most of these variants are specific to the study population, that is, are unshared with the EuropeanAmericans or African-Americans (Fig. 4) .
Discussion
We have examined the opposing views (11) concerning evolution of genes of the innate immune system that (i) being evolutionary ancient, the system may have been highly optimized by natural selection and therefore should have low tolerance to changes (purifying selection), and (ii) the system may be plastic and continuing to evolve with low selection pressure (balancing selection). We have sampled a large number of residents of a socioeconomically depressed region of India, who live in unhygienic conditions and are therefore exposed to a high load of pathogens as evidenced by recurrent outbreaks of typhoid and cholera. In each sampled individual, we have resequenced these 12 genes and have cataloged extensive genomic variation (20) . For drawing appropri- 
Di t s n a e c ( Nor a m lized)
o C e r ate inferences, we have compared our data with those available on many of these genes for the European-American and AfricanAmerican populations. Additionally, for evolutionary calibration of these data on humans, we have used the chimpanzee ancestral sequence. We find that most of the genes studied by us have been influenced by purifying selection, even though the strengths of the signatures of purifying selection are variable. For most genes, only 1 or 2 haplotypes are present in high frequencies; evolutionary variants that have arisen to create new haplotypes are either eliminated or are present at very low frequencies, being perhaps transient to being eliminated. Nonsynonymous variations in these genes are not tolerated, as indicated by d N /d S ratios being Ͻ1, that have been found to be 1.31 and 1.66, respectively, for exons on human chromosomes 21 and 22 (32) . Interestingly, most of the modal haplotypes are very dissimilar to the ancestral (chimpanzee) haplotype, perhaps indicating that humans have had to adapt to a different set of pathogens since divergence from their nearest common ancestor Ϸ5 million years ago. Contrary to our expectation stemming from past studies on MHC genes (10) that overdominant selection would operate, particularly in the LRR domains of the TLR genes that are important for pathogen recognition, we find no compelling evidence to support our expectation. However, it is interesting that compared with the European-American and African-American populations, the Indian population harbors a large number of unique nonsynonymous variants in the LRR and TIR domains of the TLR genes. Perhaps this is a reflection of the greater diversity of pathogens to which the Indian population is exposed, particularly in the region from where individuals were recruited into this study.
Dis t n a e c ( Norm a i l zed)
A recent study (19) claims that balancing selection is the main force operating on the innate immune system. We note that only 4 genes-TLR1, TLR4, TLR6 and TLR9-are common between our study and that of Ferrer-Admetlla et al. (19) . As stated by the authors themselves, Ferrer-Admetlla et al. (19) did not find a conclusive statistical evidence of excess of intermediate variants in TLR1, TLR4 and TLR6, as expected under balancing selection. In fact, for TLR9 they have found an excess of rare variants, which is what is expected under purifying selection. Similarly, another study (17) has inferred that globally the variation in MBL2 conforms to neutrality, whereas our data indicate that balancing selection is the most parsimonious explanation. Although these inferences may seem apparently contradictory, geographical variation in selection regimes is possible. Although low MBL concentration is known to be clinically disadvantageous (30) , the high frequency of the haplotypes associated with low MBL concentration in our study population resident in an area with a high load of pathogens may be indicative of selective advantage being conferred on the carriers of these haplotypes (33) , resulting in balancing selection acting locally.
Our major result that purifying selection operates on genes of the innate immune system is in striking contrast with previous findings on genes of the adaptive immune system, such as genes of the major histocompatibility complex or Ig genes. The adaptive immunity genes are under either balancing or positive selection (10, 40) . A simple explanation of our finding of purifying selection operating on the genes of the innate immune system is that this genetic surveillance system recognizes motifs in pathogens that are conserved across a broad range of pathogens. Therefore, functional constraints are imposed on mutations that diminish the ability of innate immunity proteins to detect pathogens. Thus, this system in the host does not coevolve with the mutations in genomes of pathogens. We note that purifying selection has also been detected in innate immunity genes in Drosophila melanogaster (41) and Daphnia (42) and in some genes of the TLR family in humans (43, 44) .
In summary, our study has revealed that (i) although there is considerable genetic and haplotypic diversity in the innate immune system, one or a few haplotypes are modal, indicating a high degree of optimization of the innate immune system (11); (ii) the signatures of selection on these genes are variable, but purifying selection is the most dominant mode of selection, indicating that there is low tolerance to nonsynonymous changes; and (iii) there may be local variations in the nature of selection that is perhaps modulated by local differences in pathogen diversities and loads, implying that the extent of optimization of the innate immune system can be local and not necessarily global.
Materials and Methods
Study Populations and Participants. Unrelated, healthy (ascertained to have not suffered from any major infection during the last 6 months or were not suffering from any chronic disease) individuals (n ϭ 171), of both genders and of ages 12 years or older, were recruited into this study. All were residents of an economically depressed area of Kolkata (India), with poor hygienic conditions. Blood samples were collected from them by venipuncture with voluntary, informed and written consent, after obtaining institutional ethical approval.
Collation of Data from Public-Domain Databases.
For the purpose of comparison, we have downloaded sequence data available on 7 (DEFB1, TLR1, TLR2, TLR4, TLR5, TLR6 and TLR9) of the 12 genes for European-American (n ϭ 23) and African-American (n ϭ 24) populations from http://innateimmunity.net (34). For 
